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parameter^ — or  0.014  m  MgSOij  in  water  at  4®C  and  100  atmosphere 
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INTERMEDIATE  FREQUENCY  SOUND  ABSORPTION  IN  SEAWATER: 
THE  ROLE  OF  MAGNESIUM  SULPHATE 


1. _ INTRODUCTION 


In  the  early  fifties,  Wilson  and  Leonard  [1]  and  Kurtze,  Tamm  and 
Kaiser  [2]  established  that  magnesium  sulphate  is  primarily  responsible  for 
the  absorption  of  sound  in  seawater  over  the  frequency  range  50-500  kHz  and 
that  the  sound  absorption  curve  at  ambient  conditions  for  0.014  m  MgS04  in 
pure  water  is  very  similar  to  that  from  natural  seawater.  Subsequently 
Eigen  and  Tamm  [3]  proposed  that  this  sound  absorption  is  due  to  molecular 
relaxation  arising  from  solvent  separated  MgS04  ion  pairs  with  varying 
degrees  of  hydration  and  this  concept  has  been  analysed  kinetically  in 
considerable  detail  [4-6].  It  has  also  been  found  to  be  consistent  with 
results  from  electrical  conductance  [7],  from  H1  nmr  proton  exchange  [8] 
and  from  laser  Raman  spectroscopy  [9]. 

| t  In  seawater  (35%  salinity) ,  the  averaged  analytical  concentration  of 
Mg  (free  and  associated)  is  0.052  m  and  that  of  S04  is  0.028  m  [10]; 
hence,  only  portion  of  the  total  Mg"*-*-  and  total  S04  present  in  seawater  is 
involved  in  the  sound  absorption  process  [11].  This  is  hardly  surprising  as 
seawater  can  be  regarded  as  a  multi-electrolyte  solution  in  which  many  ionic 
interactions  occur  [12]. 

In  this  report,  it  is  intended  to  substantiate  the  role  played  by 
MgS04  in  acoustic  sound  absorption  in  seawater  under  real  conditions  by  com¬ 
paring  laboratory  measurements  with  those  observed  in  deep  ocean  sound 
channel  experiments,  an  analysis  which  does  not  appear  to  have  been  done 
before. 


2.  ACOUSTICAL  ABSORPTION  IN  SEAWATER 


The  absorption  of  sound  in  seawater  can  be  defined  over  the  whole 
spectrum  by  a  series  of  relaxation  phenomena,  each  of  which  can  be  described 
mathematically  [2,6]  by  a  Debye  relationship  of  the  form  : 


a 


i 


(1) 


In  this  equation,  is  the  individual  sound  absorption  coefficient  (dB  km-1) 
with  respect  to  the  particular  relaxation  process,  i,  under  consideration, 

f  is  the  observing  frequency,  usually  in  kHz 

f  ^  is  the  relaxation  frequency  of  the  medium  under  the  conditions 
of  measurement,  and  k^,  a  characteristic  of  the  medium,  is  a 
measure  of  its  chemical  compressibility  under  the  influence  of 
the  perturbing  process,  in  units  of  (dB  km-1  kHz-1). 

When  f  ■  fri. 
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If  v  is  the  velocity  of  sound  in  the  medium,  in  units  of  km  msec*1 , 


v  ■  f  .  X  . 
ri  ri 


(3) 


where  is  the  wavelength  of  the  acoustic  wave  at  resonance,  (km). 
Thus,  from  (2)  and  (3) 
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It  is  conmon  to  discuss  oceanographic  acoustical  data  both  in  terms  of 
"the  excess  absorption  per  wavelength  at  the  resonant  frequency",  ( ^rl)» 

which  is  also  written  as  (aA)r^,  and  in  terms  of  f^,  the  resonant  frequency. 

In  seawater,  the  principal  absorption  at  low  frequency  (1-5  kHz)  is 
attributed  to  borate  and  to  magnesium-carbonate  interactions  [13-15]  and 
that  at  high  frequency  (above  250  kHz)  to  the  viscous  relaxation  of  water 
[16,17].  It  is  over  the  intermediate  range  that  absorption  attributed  to 
MgS04  relaxation  occurs  but,  to  the  author's  knowledge,  laboratory  results 
have  never  been  compared  directly  with  field  results. 


3.  INTERMEDIATE  FREQUENCY  ABSORPTION,  MgS04 


(a)  Field  Measurements 

In  1967,  Thorp  presented  a  semi-empirical  equation  describing  the  low 
frequency  and  intermediate  frequency  sound  absorption  occurring  in  various 
deep  ocean  (SOFAR)  sound  channels  in  Northern  Hemisphere  waters  [18,19], 
especially  in  the  Atlantic  Ocean.  This  equation  summarised  a  wide  body  of 
previously  isolated  knowledge  and  is  still  the  basis  for  current  develop¬ 
mental  work  [20]. 

The  Thorp  term  referring  to  intermediate  frequency  sound  absorption 
is  given  by 


44  f2 
4100  +  f2 


dB  km”1 


where  f  is  in  kHz.  This  transforms  to 


“i  -  °*6875  *  IT" L 


f*  +  64 


(6a) 


(6b) 


applying  to  deep  ocean  sound  channel  transmission  at  4°C  and  35  °/00 
salinity. 

If  one  assumes  the  speed  of  sound  in  the  SOFAR  channel  is  ca. 

1.48  x  10”3  km  msec”1,  [21],  then,  using  equations  1,  4,  6,  one  can  calculate 
under  these  conditions 

f  -  64  kHz 

and  (oX)ri  “  y<0-6875  x  1>48  x  10_3>  dB 

-  5.09  x  10”4  dB 

(SOFAR  channel,  4°C,  North  Atlantic) 
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(b)  Laboratory  Measurements 


In  the  laboratory,  Atkinson  and  Petruccl  [4]  made  a  detailed  study  of 
the  acoustic  absorption  spectrum  of  magnesium  sulphate  in  water  and  deter¬ 
mined  both  the  resonant  absorption  frequency,  f^^,  and  the  excess  absorption 

per  wavelength,  (aA)r^,  in  pure  water  at  25°C  and  at  various  concentrations, 

(Table  1).  From  their  work  it  appears  that  both  these  parameters  are  con¬ 
centration  dependent. 

If  both  these  dependencies  are  linear  with  concentration  -  and 
independently  obtained  evidence  suggests  that  they  are  (2)  -  then  one  can 
calculate  graphically  from  the  data  in  Table  1,  that,  at  effective  concentra¬ 
tion  of  0.014  m  MgSOj,  (the  concentration  of  MgSOi.  in  pure  water  which  gives 
an  absorption  equivalent  to  that  observed  in  seawater)  and  at  25°C, 

(aX)rl  *  5.53  x  10'4  dB  (25°C,  1  atmos.) 

and 

fri  *=  127  kHz  (25°C,  1  atmos.) 

The  laboratory  measurements  of  Fisher  and  Simmons  [13]  and  the  field 
experiments  of  Bezdek  [22,23]  have  shown  that  both  the  overall  attenuation 
and  the  resonant  frequency  are  pressure  and  temperature  dependent  to  a  marked 
degree. 

(c)  Influence  of  Temperature  and  Pressure  on 

From  laboratory  data  reported  by  Helleu,  Browning  and  Simmons  [15]  on 
the  temperature  dependence  of  the  relaxation  frequency  of  MgSOi,  at  0.014  m, 
the  author  has  calculated  that,  over  the  range  2°-30°C  and  at  atmospheric 
pressure, 


fri  =  1.229  x  107  exp(-3415/T) 


(7) 


where  T  is  in  °K,  and  f^  is  in  kHz. 

From  this  equation,  it  can  be  shown  that 

(i)  at  25°C,  f  equals  131  kHz,  a  value  very  similar  to  that 
of  Atkinson  and  Petrucci  (127  kHz),  and 

(ii)  at  4eC,  fr  equals  55  kHz. 

If  one  assumes  that  the  same  temperature  dependence  defined  in  eqn.  7 
also  applies  to  Atkinson  and  Petrucci' s  work,  then  their  value  of  f^  reduces 
to  51  kHz  and  the  averaged  value  of  these  two  extrapolations  of  laboratory 
data  for  0.014  m  MgSOi,  solutions  is  53  kHz  (1  atm.,  4°C). 


In  1973,  Bezdek  [23]  studied  the  variation  of  f  and  a ^  with  depth, 

in  seawater,  off  the  coast  of  Southern  California.  Although  the  observed 
relaxation  frequencies  which  he  reported  were  less  than  those  observed  from 
laboratory  studies  at  atmospheric  pressure  (Table  2),  he  observed  that  the 
frequency  of  the  MgSOi,  relaxation  reaction  increased  with  depth  and  could 
be  approximated  by  a  linear  relation, 

fri  <d>  =  fri  (0)  +  7.5  x  lO-3  d  (8) 

where  d  is  the  depth  of  the  ocean  channel  in  metres  and  f  (d)  is  the 
relaxation  frequency  (in  kHz)  at  this  depth. 

If  one  assumes  that  a  similar  pressure  dependence  applies  in  solutions 
of  MgSOi,  and  that,  on  average,  the  depth  of  the  deep  axis  sound  channel 
occurs  around  1000  metres  [21],  then 


fri  (1000)  =  53  +  7.5  kHz 

=  60.5  kHz,  say  61  kHz, 

where  f  (0)  is  the  average  value  of  Atkinson  and  Petrucci's  and  Mellen, 
Browning  and  Simmons'  data,  based  on  our  calculations.  This  figure  is  very 
similar  to  that  determined  semiempirically  by  Thorp,  64  kHz  (equation  6). 

The  close  agreement  of  these  figures  may  be  fortuitous  or  it  may 
suggest  that  ionic  strength  effects  and  competing  equilibria  in  seawater 
have  only  a  small  effect  on  the  value  of  f^  for  magnesium  sulphate. 

(d)  Excess  Absorption  Parameter  (aA)^ 

What  is  the  effect  of  temperature  and  pressure  on  the  excess  absorption 
parameter, 

From  Fisher's  original  work  in  the  laboratory  and  from  Bezdek's  field 
work  [20],  attenuation  is  pressure  dependent,  following  an  approximate 
relation, 

a(d)  =  a(0) (1  -  10~4  d)  (9) 


where  a(d)  is  the  sound  absorption  coefficient  of  0.014  m  MgSOi,  at  a  depth, 
d  (metre). 

At  a  depth  of  1000  m,  this  reduces  to 

a (1000)  -  a(0)  x  0.90 
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Millero  and  his  co-workers  [24]  have  established  that  the  sound  speed 
for  0.014  m  MgS04  at  25°C  and  1  atmosphere  is  very  similar  to  that  at  4°C 
and  100  atmosphere  pressure,  so  that  any  change  in  or  (“r^r)i  will 

correspond  to  changes  in^-j^^  with  temperature  and  pressure. 

At  25°C  (1  atm.),  f  is  ca.  130  kHz,  and  at  4°C  (100  atmos.,  1000  m), 
fr^  is  ca.  60  kHz.  Hence,  considerable  change  in  (aA)r^  will  occur  by  virtue 

of  a  change  in  f  ^  unless  there  is  an  accompanying  change  in  a^. 

Fisher  and  Simmons  [13]  have  reported  a  relationship  between  tempera¬ 
ture  and  pressure,  based  on  experimental  results  in  the  laboratory,  which  in 
effect  reduce  to 


a  (25°C,  1  atm.)  =  — — -  dB  km-1 
1  27536  +  f2 


(10) 


and 


ai  (4°C,  100  atm.) 


33  f2 
5046  +  f2 


dB  km-1 


(ID 


The  validity  of  using  these  equations  out  of  context  [13]  has  not  been 
established  but  they  are  the  best  equations  available  for  the  purpose  of 
this  exercise. 


Values  of 


and  (aA) 


ri 


equations  are  given  in  Table  3. 


based  on  calculations  from  these 


The  individual  values  of  f  ^  and  (“A)^  used  by  Fisher  and  Simmons  in 

their  equations  are  different  from  those  calculated  in  this  report  but  this 
is  another  issue.  It  is  the  ratio  of  the  two  values  of  (“*)ri  under  the 

conditions  described  by  Thorp  (4°C,  100  atm.,  35°/oo  salinity)  which  is  of 
interest  here. 


This  ratio  is  given  by 


(cxA)^^  [25  C,  1  atm.,  130  kHz]  ^  gg  x  ^q—  4 
(aA)ri  [4°C,  100  atm.,  60  kHz]  3>39  x  1Q_4 

-  1.38 
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Hence,  Atkinson  and  Petrucci's  laboratory  results  are  reduced  from 


(a*)ri  [25°C,  1  atm.,  0.014  m  MgS04]  =  5.53  x  10-4  dB 
by  this  factor,  1.38  to 

(ctA)ri  [4°C,  100  atm.,  0.014  m  MgS04]  =  4.0L  x  10-4  dB 

which  compares  with  the  Thorp  value  of 

(<*X)rl  [SOFAR,  4°C,  35  °/oo  salinity]  =  5.0g  x  10"4  dB 

In  view  of  the  many  assumptions  used  to  arrive  at  these  comparisons 
and  the  inherent  limitations  in  evaluating  the  experimental  data  both  in  the 
laboratory  [25]  and  in  the  deep  ocean  [26],  the  agreement  is  surprisingly 
good.  It  confirms  the  commonly  held  belief  that  the  intermediate  frequency 
sound  absorption  in  seawater  is,  in  fact,  dominated  by  MgS04  interactions 
and  not  artifacts  associated  with  it. 

4.  SUMMARY 

The  resonant  absorption  frequency,  f^,  and  the  excess  absorption 

parameter,  (aX)^^,  as  determined  in  the  laboratory,  for  0.014  m  MgS04  in 

water  at  25°C  have  the  values  of  ca.  130  kHz  and  5.5^  x  10-4  respectively. 
Both  these  parameters  depend  on  temperature  and  pressure. 

Under  conditions  found  in  typical  deep  ocean  sound  channel  axes  (4°C, 
100  atm.,  35°/00  salinity),  it  has  been  calculated  that  f^  should  change  to 

ca.  60  kHz  and  to  4.0^  x  10-4  dB  values  which  agree  very  closely  with 

those  actually  observed  in  field  experiments,  namely 

f  =  64  kHz 
ri 

and 

(aX)rl  =  5.09  x  IQ'4  dB, 
based  on  the  Thorp  equation. 


7 


5.  REFERENCES 


1. (a)  Wilson,  O.B.  and  Leonard,  R.W.  (1951).  "Sound  absorption  in  aqueous 

solutions  of  magnesium  sulphate  and  in  seawater".  J.  Acoust . 

Soc.  Am. ,  23^,  624A. 

(b)  Wilson,  O.B.  and  Leonard,  R.W.  (1954).  "Sound  absorption  in  aqueous 
salt  solutions  by  a  Resonator  Method".  J.  Acoust.  Soc.  Am.,  26, 
223-226. 

2.  (a)  Kurtze,  G.  and  Tamm,  K.  (1953).  "Measurements  of  sound  absorption 

in  water  and  in  aqueous  solution  of  electrolytes".  Acustica,  3^ 
33-48. 

(b)  Tamm,  K. ,  Kurtze,  G.  and  Kaiser,  R.  (1954) . "Measurements  of  sound 

absorption  in  aqueous  solutions  of  electrolytes".  Acustica,  4_, 
380-386. 

3.  Eigen,  M.  and  Tamm,  K.  (1962).  "Sound  absorption  in  electrolyte 

solutions  reflecting  chemical  relaxation:  Part  1,  Relaxation 
theory  in  multistep  dissociation  processes:  Part  2,  Results  and 
mechanism '.divalent  electrolyte  solutions".  Zeits.  Electiochem.  , 
66,  (2),  93-107,  107-121. 

4.  Atkinson,  G.  and  Petrucci,  S.  (1966).  "ion  association  of  magnesium 

sulphate  in  water  at  25°C".  J.  Phys.  Chem.  ,  70,  3122-3128. 

5.  Fritsch,  K. ,  Montrose,  C.J.,  Hunter,  J.L.  and  Dill,  J.F.  (1970). 

"Relaxation  phenomena  in  electrolytic  solutions".  J .  Chem.  Phys., 
52,  2242-2252. 

6.  Bechtler,  A.,  Breitschwerdt ,  K.G.  and  Tamm,  K.  (1970).  "Ultrasonic 

relaxation  studies  in  aqueous  solutions  of  2,2-electrolytes". 

J.  Chem.  Phys.,  52,  2975-2982. 

7.  (a)  Fisher,  F.H.  (1962).  "The  effect  of  pressure  on  the  equilibrium  of 

magnesium  sulphate".  J.  Phys.  Chem.,  66,  1607-1611. 

(b)  Fisher,  F.H.  (1965).  "Multistate  dissociation  and  the  effect  of 
pressure  on  the  equilibrium  of  magnesium  sulphate".  J.  Phys. 
Chem.,  69,  695-697. 

8.  (a)  Green,  R.D.  and  Sheppard,  N.  (1972).  "NMR  study  of  the  solvation 

sphere  of  Mg^+  ion  in  acetone  +  water  solutions  of  magnesium 
perchlorate".  J .  Chem.  Soc.  (Farad  2),  6J3,  821-832. 

(b)  Bechtold,  D.B.,  Liu,  G.,  Dodgen,  H.W.  and  Hunt,  J.P.  (1972).  An  O1^ 
NMR  study  of  the  aquo  nickel  sulphate  system".  J.  Phys.  Chem., 

32,  333-338. 

9.  (a)  Chatterjee,  R.M.,  Adams,  W.A.  and  Davis,  A.R.  (1974).  A  high  pressure 

laser  Raman  spectroscopic  investigation  of  aqueous  MgSOi, 
solutions".  J.  Phys.  Chem.,  7ti,  246-250. 


8 


(b)  Fisher,  F.H.  (1978).  "Comment  on  above  paper".  J.  Phys.  Chem.,  82, 

495-496. 

(c)  Adams,  W. A.,  Davis,  A.R.  and  Chatterjee,  R.M.  (1978).  "Reply  to 

comments  on  above  paper".  J.  Phys.  Chem.,  82,  496-497. 

10.  Brewer,  P.G.  (1975).  "Minor  elements  in  sea  water"  in  Chemical 

Oceanography  (eds.  J.P.  Riley  and  G.  Skirrow) ,  2nd  ed.,  vol.l, 
pp. 415-496,  esp.  pp. 417-422.  London:  Academic  Press. 

11.  Fisher,  F.H.  (1967).  "ion  pairing  of  magnesium  sulphate  in  sea  water 

as  determined  by  ultrasonic  absorption".  Science ,  157,  823. 

12.  (a)  Stumm,  W.  and  Morgan,  J.J.  (1970).  "Aquatic  Chemistry,  An  Introduct 

emphasising  chemical  equilibria  in  natural  waters".  New  York: 
Wiley-Interscience. 

(b)  Elgquist,  B.  and  Wedborg,  M.  (1978).  "Stability  constants  of  NaSOi,-, 

MgSOi,,  MgF+,  MgCl+  ion  pairs  at  the  ionic  strength  of  sea  water 
by  potentiometry".  Marine  Chemistry,  6 ,  243-252. 

(c)  Fisher,  F.H.  (1975).  "Dissociation  of  Na2S04  from  ultrasonic  absorp¬ 

tion  reduction  in  MgS04  -  NaCl  solutions".  J.  Solution  Chem., 
237. 

13.  Fisher,  F.H.  and  Simmons,  V.P.  (1977).  "Sound  absorption  in  sea 

water".  J.  Acoust.  Soc.  Am.,  62,  (3),  558-564. 

14.  Schulkin,  M.  and  Marsh,  H.W.  (1978).  "Low  frequency  sound  absorption 

in  the  ocean".  J.  Acoust.  Soc.  Am.,  63,  (1),  43-48. 

15.  (a)  Mellen,  R.B.,  Simmons,  V.P.  and  Browning,  D.G.  (1979).  "Sound 

absorption  in  sea  water  :  a  third  chemical  relaxation". 

J.  Acoust.  Soc.  Am.,  65,  923-925. 

(b)  Mellen,  R.B.,  Browning,  D.G.  and  Simmons,  V.P.  (1979).  "Acoustic 

absorption  by  MgC03  ion-pair  relaxation".  Nature,  279,  705-706. 

16.  Clay,  C.S.  and  Medwin,  H.  (1977).  Acoustical  oceanography  : 

principles  and  applications, e sp  pp. 96-102,  417-423.  New  York: 
Wiley-Interscience. 

17.  Liebermann,  R.N.  (1948).  "Origin  of  sound  absorption  in  sea  water". 

J.  Acoust.  Soc .  Am.,  20,  868-873. 

18.  Thorp,  W.H.  (1967).  "Analytic  description  of  low  frequency 

attenuation  coefficient".  J .  Acoust.  Soc.  Am.,  42,  270. 

19.  Thorp,  W.H.  and  Browning,  D.G.  (1973).  "Attenuation  of  low  frequency 

sound  in  the  ocean".  J.  Sound  Vibr.,  2£,  576-577. 

20.  (a)  Whelan,  D.J.  (1979).  "Approaches  to  a  quantitative  analytical 

description  of  low  frequency  sound  absorption  in  seawater". 
Materials  Research  Laboratories  Report  (to  be  published). 


9 


(b)  Whelan,  D.J.  (1979).  "Some  physical  and  chemical  factors  in  the 
attenuation  of  low  frequency  sound,  in  seawater".  Materials 
Research  Laboratories  Report  (to  be  published). 

21.  (a)  Northrop,  J.  and  Colborn,  J.G.  (1974).  "SOFAR  channel  axial  sound 

speed  and  depth  in  the  Atlantic  Ocean".  J.  Geophys.  Research, 

79,  (36),  5633-5641. 

(b)  Johnson,  R.H.  and  Norris,  R.A.  (1968).  "Geographic  variation  of 

SOFAR  speed  and  axis  depth  in  the  Pacific  Ocean".  J.  Geophys. 
Res.,  73,  (14),  4695-4700. 

22.  (a)  Bezdek,  H.F.  (1972).  "Sound  absorption  in  the  Pacific  Ocean". 

J.  Acoust.  Soc.  Am.,  52,  450-451. 

(b)  Bezdek,  H.F.  (1973).  "Reverberation  at  75  kHz  to  a  depth  of  1  km  in 
the  Pacific  Ocean  -  a  negligible  factor  in  attenuation". 

J.  Acoust.  Soc.  Am.,  53,  789-790. 

23.  (a)  Bezdek,  H.F.  (1973).  "Pressure  dependence  of  sound  attenuation  in 

the  Pacific  Ocean".  J.  Acoust.  Soc.  Am.,  53,  782-788. 

(b)  Bezdek,  H.F.  (1973).  "Pressure  dependence  of  the  acoustic  relaxation 
frequency  associated  with  MgSOi*  in  the  ocean".  J.  Acoust.  Soc. 
Am.,  54,  1062-1065. 

24.  Chen,  C.-T.,  Chen,  L.-S.  and  Millero,  F.J.  (1978).  "Speed  of  sound 

in  NaCl,  MgCl2,  Na2S0t,  and  MgSOi,  aqueous  solutions  as  functions 
of  concentration,  temperature  and  pressure".  J.  Acoust.  Soc.  Am., 
63,  (6),  1795^1799. 

25.  Jackopin,  L.G.  and  Yeager,  E.  (1970).  "Ultrasonic  relaxation  in 

manganese  sulphate  solutions".  J.  Phys.  Chem.,  74,  3766-3772. 

26.  (a)  Skretting,  A.  and  Leroy,  C.C.  (1971).  "Sound  attenuation  between 

200  Hz  and  1-kHz".  J.  Acoust.  Soc.  Am.,  49,  276-281. 

(b)  Urick,  R.J.  (1975).  "Principles  of  underwater  sound",  esp.  Chap. 5, 6. 

New  York:  McGraw-Hill. 

(c)  Thorp,  W.H.  (1965).  "Deep  ocean  sound  attenuation  in  the  sub-  and 

low-kilohertz  region".  J.  Acoust.  Soc.  Am.,  38,  648-654. 

(d)  Kibblewhite,  A.C.  and  Browning,  D.G.  (1978).  "The  identification  of 

major  oceanographic  fronts  by  long  range  acoustic  propagation 
experiments".  Deep  Sea  Research,  25^,  1107-1118. 


10 


TABLE  1 


RELAXATION  PARAMETERS  IN  AQUEOUS  MgS04  AT  25°C, 
ANT  1  ATMOSPHERE  PRESSURE,  FOLLOWING 
ATKINSON  AND  PETRUCCI,  (REF.  4) 


Cone.  (M) 

0.09889 

0.1493 

0.1965 

fr  (kHz) 

133 

137 

140 

(aA)r  x  104 

(Neper) 

4.5 

6.8 

9.0 

(aA)r  x  IQ3 

(dB) 

3.91 

5.91 

7.82 

TABLE  2 

VARIATION  OF  RELAXATION  FREQUENCY  OF  MgS04 
IN  SEAWATER,  OFF  SAN  DIEGO,  WITH  DEPTH, 
FOLLOWING  BEZDEK,  (REF.  23) 

Depth  Relaxation  Frequency 

(metre)  (kHz) 

0  45 

1000  52 


2000 


60 


TAB  L  E _ 3 


DEPENDENCE  OF  ACOUSTICAL  VARIABLES  ON  TEMPERATURE  AND  PRESSURE 
AS  CALCULATED  BY  FISHER- SIMMONS  EQUATIONS  (EQN.  10,  11) 

2 

a.  (25°C,  1  atm.)  =  — 108  f — -  dB  km-1 

27536  +  f 


a.  (4°C,  100  atm.)  =  — -  dB  km-1 

1  9 

5046  +  fz 


Assume  £  .  has  values  calculated  from  Ref.  4. 
ri 

At  25°C,  1  atm.  with  f  =  f  ^  “  130  kHz 


•  41.07  dB  km-1 


—  =  0.316  dB  km-1  kHz-1 
ri 


(aX)ri  =  4.68  x  10-4  dB 


At  4°C,  1000  atm.  with  f  =  f^  =  60  kHz 


=  13.74  dB  km-1 


— — —  =  0.229  dB  km-1  kHz-1 
ri 


(aX)ri  =  3.39  x  10*4  dB 
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